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Figure 3 
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METHODS OF MAKING NANOPRISMS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims bene?t under 35 USC § 
119(e) of US. Provisional Application No. 60/325,293, ?led 
Sep. 26, 2001, Which is incorporated herein in its entirety by 
this reference. 

FIELD OF THE INVENTION 

[0002] The invention resides in the ?eld of nanoprisms 
having unique optical properties produced by a photo-in 
duced method. 

BACKGROUND OF THE INVENTION 

[0003] SiZe is an important parameter in nanoscale materi 
als that can provide control over many of their physical and 
chemical properties, including luminescence, conductivity, 
and catalytic activity. Over the past century, colloid chemists 
have gained excellent control over particle siZe for several 
spherical metal and semiconductor compositions. This 
chemical control over particle siZe has led to the discovery of 
quantum con?nement in colloidal nanocrystals and their 
exploitation as probes in biological diagnostic applications, 
LED materials, lasers, and Raman spectroscopy enhancing 
materials. In contrast, the challenge of synthetically control 
ling particle shape has been met With limited success. Nev 
er‘theless, some physical and solid-state chemical deposition 
methods have been developed for making semiconductor and 
metal nanoWires, nanobelts, and dots, and there are noW a 
variety of methods for making rods With someWhat control 
lable aspect ratios using electrochemical and membrane-tem 
plated syntheses. 
[0004] Less is knoWn With respect to solution synthetic 
methods for non-spherical particles such as triangles or 
cubes. HoWever, methods do exist for making colloidal 
samples of Pt cubes and pyramids (Ahmandi et al., Science 
272: 1924 (1996)), and PbSe, CdS, and Ni triangles (Fendler 
et al., JAm. Chem Soc. 122:4631 (2000), Pinna et al., Ad. 
Maren 13:261 (2001), Klasu et al., Proc. Natl. Acad. Sci 
USA. 96: 13611 (1999)). Promising recent Work has resulted 
in methods for synthesiZing BaCrO4, CdSe and Co nanorods 
and distributions of arroW-, teardrop-, and tetrapod-shaped 
CdSe nanocrystals (Li et al., Nature 402:393 (1999), Peng et 
al., Nature 404:59 (2000), Puntes et-al., Science 291:2115 
(2001), Manna et al., .I. Am. Chem. Soc. 122112700 (2000)). 
All of these solution methods are based on thermal processes, 
and in most cases, With the exception of rods, yield relatively 
small quantities of the desired particle shape. HoWever, much 
like particle siZe-control in nanoscale materials led to the 
discovery of neW and important fundamental science and 
technological applications in diagnostics, optics, catalysis, 
and electronics, synthetic methods that lead to control over 
particle shape can be expected-to lead to important funda 
mental as Well as technological advances. Therefore, the 
development of bulk solution synthetic methods that offer 
control over particle shape is of paramount importance if the 
full potential of these novel materials is to be realiZed. 

SUMMARY OF THE INVENTION 

[0005] One embodiment of the invention provides a 
method of forming nanoprisms by exposing a suspension of 
non-crystalline silver particles to light having a Wavelength of 
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less than about 700 nm to form silver crystals. The method 
uses a Wavelength of light betWeen about 350 nm and about 
700 nm. The suspension may comprise a reducing agent, a 
stabiliZing agent, and a surfactant and the light exposure may 
be intermittent or continue over hours, days, Weeks or longer. 
The suspension may also be stably maintained in the absence 
of light having a Wavelength of less than about 700 nm. 
[0006] Another embodiment of the present invention is a 
method of forming nanoprisms by fragmenting silver nano 
particles in suspension by exposure to light, groWing silver 
nanoprisms by continued exposure to light and then terminat 
ing the groWth of the silver nanoprisms. Preferably, the light 
has a Wavelength of betWeen about 350 nm and about 700 nm 
and the groWth is continued for a period of greater than 50 
hours. The groWth can be terminated by preventing further 
exposure of the suspension to light or by consuming the silver 
nanoparticles feeding the groWth. The suspension may com 
prise a reducing agent, a stabiliZing agent, and a surfactant 
and the light exposure may be intermittent or continue over 
hours, days, Weeks or longer. The suspension may also be 
stably maintained in the absence of light having a Wavelength 
ofless than about 700 nm. 

[0007] Another embodiment of the invention is a silver 
nanoprism comprising a single silver crystal having a lattice 
spacing of 1.44 A and an edge length of betWeen about 10 nm 
and about 60 nm. The nanoprism typically has a triangular 
shape With an atomically ?at top and bottom. The nanoprism 
may also have an in-plane dipole plasmon resonance of 770 
nm or an out-of-plane dipole plasmon resonance of 410 nm, 
or an in-plane quadrupole resonance of 470 nm, or an out-of 
plane quadrupole resonance of 340 nm or any combination of 
these characteristics. A further embodiment of the present 
invention is a silver nanoprism having a tip of the prism is 
removed. These nanoprisms, may exhibit Rayleigh scattering 
in the red. 
[0008] Another embodiment of the present invention is a 
nanoparticle label based on a silver nanoprism. The label has 
a triangular shape With an atomically ?at top and bottom. The 
nanoprism label may also have an in-plane dipole plasmon 
resonance of 770 nm or an out-of-plane dipole plasmon reso 
nance of 410 nm, or an in-plane quadrupole resonance of 470 
nm, or an out-of-plane quadrupole resonance of 340 nm or 
any combination of these characteristics. A further embodi 
ment of the present invention is a silver nanoprism having a 
tip of the prism is removed. These nanoprisms, may exhibit 
Rayleigh scattering in the red. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 shoWs time-dependent UV-vis spectra shoW 
ing the conversion of silver nanospheres to nanoprisms: (A) 
before irradiation, (B) after 40 h of irradiation, (C) after 55 h 
of irradiation, (D) after 70 h of irradiation. The inset shoWs the 
extinction pro?le at 670 nm as a function of time. 

[0010] FIG. 2 shoWs TEM images (reverse print) mapping 
the morphology changes as a function of irradiation time. (A) 
before irradiation, (B) after 40 h of irradiation, (C) after 55 h 
of irradiation, (D) after 70 hr of irradiation. The scale bar is 
200 nm for all four images. 

[0011] FIG. 3 shoWs (A) EELS mapping analysis shoWing 
the ?at-top morphology of the silver nanoprisms; the inset 
shoWs the EELS intensity over the line scan. (B) Stacks of 
silver nanoprisms assembled in a top-to-base manner on a 
carbon ?lm-coated copper grid. 
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[0012] FIG. 4 shows electron diffraction analysis of indi 
vidual silver nanoprisms. The spot array, diagnostic of a hex 
agonal structure, is from the [1 1 1] orientation of an individual 
silver nanoprisim lying ?at on the substrate With its top per 
pendicular to the electron beam. Based on 3 Zone axis analy 
sis (not shoWn), the crystal structure of the silver nanoprism 
Was determined to be an fcc structure. The intense spots in the 
[111] Zone axis are alloWed {220} Bragg re?ections (e.g. 
circled spot) and the sharp Weak spot in the center of the 
triangles formed by the strong spots is indexed as 1/3{Z22} 
(e. g. boxed spot). 
[0013] FIG. 5 shoWs DDA simulations of the orientation 
averaged extinction ef?ciency spectra of tWo silver nano 
prisms in Water: (A) a perfectly triangular nanoprism, 8512 
dipoles are used in the calculations, and (B) a truncated tri 
angular nanoprism, 7920 dipoles are used for the calculation. 
Dielectric constant data are taken from E. D. Palik, Handbook 
of Optical Constants of Solids (Academic Press, NeW York, 
1 985). 
[0014] FIG. 6 shoWs Rayleigh light scattering of particles 
deposited on a glass slide. The slide is used as a planar 
Waveguide, Which is illuminated With a Tungsten source. The 
image Was taken With a digital camera. 
[0015] FIG. 7 is a schematic depiction of the formation and 
groWth of the nanoprisms from nanospheres. 

DETAILED DESCRIPTION OF THE INVENTION 

[0016] The present invention is a unique photo-induced 
method for synthesizing large quantities of metal nanoprisms 
in high yield in the form of a colloidal suspension. Impor 
tantly, this photo-mediated route has led to a colloid With a 
unique set of optical properties that directly relate to the shape 
control afforded by this novel preparatory method. 
[0017] In one embodiment of the invention, nanoprisms are 
formed by exposing a suspension of spherical silver particles 
to light having a Wavelength of less than 700 nm. The reaction 
that transforms the spherical particles into nanoprisms is ini 
tiated by the exposure to light. Exposure to light in the range 
of about 350 nm to about 700 nm, such as the light from a 40 
W ?uorescent bulb or tube, is preferred. The reaction is not 
initiated in the dark or by exposure to light having a Wave 
length greater than about 700 nm (near-IR light) and the 
starting suspension is stable as spherical particles for at least 
tWo months When protected from light. Therefore, the reac 
tion Which results in nanoprisms can be selectively turned on 
or off simply by controlling the exposure of the colloidto light 
of the appropriate Wavelength. 
[0018] The silver salt precursor forming the silver source in 
suspension may be any silver salt capable of dissolution in the 
selected suspension medium. For example, AgNO3 and 
AgClO4 perform comparably as a silver source for the sus 
pension in an aqueous solution. Preferably AgNO3 is used in 
a 0.1 mM aqueous solution. Additionally, a reducing agent is 
optionally added to the suspension to aid in formation of the 
suspension. Preferably, the reducing agent is NaBH4 in a ?nal 
concentration of 0.5 mM that may be added in dropWise 
increments. 
[0019] The surfactant used to form the suspension of nano 
spheres may vary Widely in concentration Without affecting 
the extent of the conversion of nanospheres to nanoprisms. 
HoWever, the reaction rate is affected by surfactant and pro 
vides an additional means of controlling the conversion reac 
tion based on the conversion rate. Preferably, trisodium cit 
rate is present as a surfactant in the suspension of silver 
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nanospheres and bis(p-sulfonatophenyl) phenylphosphine 
dihydrate (BSPP) is added to the suspension as a particle 
stabiliZing agent. Although the nanoprisms are formed over 
the entire range of surfactant concentration, the rate of the 
conversion reaction decreases as a function of increasing the 
ratio of BSPP to citrate over a range of about 0.01 to about 1. 
The most rapid conversion rate is obtained at a BSPP to citrate 
ratio of 0.311. Thus, the reaction rate may be optimiZed by 
varying the surfactant concentration and the ratio of the sur 
factant to a stabiliZing agent added to the suspension. 

[0020] After formation of the suspension and exposure to 
light of the correct Wavelength the solution initially turns 
yelloW, characteristic of the spherical particles, but over a 
time period that can be controlled by suspension characteris 
tics and light exposure, the suspension turns green and then 
?nally blue. As shoWn in FIG. 1, using UV-vis spectroscopy, 
the characteristic surface plasmon band for the spherical par 
ticles at kmaf400 nm decreases in intensity With a concomi 
tant groWth of three neW bands With kmaf335 (Weak), 470 
(mediate), 670 nm (strong) respectively. As the conversion of 
the nanospheres to nanoprisms nears completion, the band at 
400-nm completely disappears. 
[0021] Using spectroscopy and electron microscopy, three 
distinct stages in the conversion of nanospheres to nano 
prisms have been identi?ed including induction, groWth, and 
termination, FIG. 1 (inset). Detailed TEM studies reveal that 
during the induction period, extremely small spherical silver 
clusters (about 2 to about 4 nm) are formed Which are not 
present in the solution containing the initial spherical par 
ticles as shoWn in FIG. 2B. These silver clusters form from 
either fragmentation or dissolution of the larger particles. 
Noteably, photo-induced fragmentation of silver nanopar 
ticles (visible laser at 532 nm) has been observed by-Hartland 
and coworkers (Kamat et al., J. Phys. Chem. B 102:3123 
(1 998)). Nanoprisms form concurrently With the formation of 
these small clusters. As depicted in FIG. 7, the silver nano 
prisms then act as seeds and groW as the small spherical 
crystals are digested. Once the spherical particles and small 
nanoclusters are consumed, the reaction terminates. The con 
version process can be arrested at any point by stopping the 
light exposure, thereby providing a means of control over the 
shape and siZe of the nanoparticles in suspension. The photo 
induced fragmentation of silver particle precursors into small 
clusters makes the use of light an ef?cient Way to control the 
groWth of the silver nanoprisms. It is important to note that 
other researchers have used visible lasers, UV, or y irradiation 
to prepare spherical silver nanocrystals from silver salts in the 
presence of organic reducing agents (Henglein, Langmuir 
17:2329 (2001), ProchaZka et al., Anal. Chem. 69:5103 
(1997)). Typically, photo-induced reduction mechanisms are 
invoked to describe such processes, hoWever, these mecha 
nisms are in contrast With the groWth mechanism proposed 
herein for the silver nanoprisms Where the spherical silver 
particle precursors begin in the reduced state and are exclu 
sively transformed into nanoprisms via the light-induced 
fragmentation process. 
[0022] As shoWn by transmission electron microscopy 
(TEM) correlated With the time-dependent spectroscopic 
observations, the silver nanoprisms evolve from the initial 
spherical nanoparticles. FIG. 2A-D shoWs the initial spheri 
cal silverparticles (8.011 .7 m) are converted over the reaction 
period to prismatic structures, Which appear in tWo dimen 
sions as triangles. During the initial stages of groWth, both 
spheres and prisms can be observed as shoWn in FIG. 2B. The 
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latter exhibit edge lengths between about 10 nm and about 60 
nm. As shown in FIG. 2C, both the size and population of the 
silver prisms increase With time With a concomitant decrease 
in the number of spherical particles. The reaction proceeds to 
completion and nearly all of the initial spheres (>99%) are 
converted to the prismatic structures having an edge length of 
about 100 nm, FIG. 2D. 

[0023] Another embodiment of the present invention 
includes the nanoprisms formed by the light-induced photo 
conversion processes described above. TEM images and elec 
tron energy loss spectroscopy analysis (EELS) shoW that the 
particles formed in this reaction are indeed silver nanoprisms 
and not triangular tetrahedra. FIG. 3 shoWs that each nano 
prism has a ?at top and bottom (FIG. 3A), and the triangular 
thickness fringes expected for triangular tetrahedra are not 
observed in the TEM. Upon the evaporation of solvent, the 
silver nanoprisms assemble into “stacks” on the TEM grids 
(FIG. 3B) alloWing precise measurement of their thickness 
(15611.4 nm). These stacks appear as nanorods in the tWo 
dimensional TEM images, but tilting experiments con?rm 
that they are nanoprisms. Signi?cantly, each nanoprism is a 
single crystal With a lattice spacing of about 1.44 A, as evi 
denced by electron diffraction analysis shoWn in FIG. 4. 
Detailed TEM investigations (tilting diffraction With 3 zone 
axis) of individual silver nanoprisms shoW that the 1.44 A 
lattice spacing corresponds to Bragg diffraction from their 
{220} crystal faces (face-centered cubic). Therefore, the top 
crystal face of each nanoprism must be (111). Interestingly, 
an additional set of relatively Weak spots in the diffraction 
pattern, corresponding to 1 {422} With a 2.5 A spacing is also 
observed. These Weak diffraction spots derive from the local 
hexagonal-like structure observable only for a silver or gold 
sample that is atomically ?at. This is consistent With the 
structural characterization of these novel particles as thin 
nanoprisms With atomically ?at tops and bottoms. 
[0024] The shape and dimensions of the nanoprism 
depicted in FIG. 5A are average representations of the trian 
gular prisms observed in the TEM images shoWn in FIG. 2D. 
Because the nanoprisms have a triangular shape, the large 
structural anisotropy substantially in?uences their optical 
properties (i.e. light-absorption, scattering and SERS). To 
characterize the extinction spectrum shoWn in FIG. 1D, Max 
Well’s equations for light interacting With a triangular prism 
Were solved using a ?nite element-based method knoWn as 
the Discrete Dipole Approximation (Yang et al., J. Chem. 
Phys. 103:869 (1995)). Comparing FIGS. 1D and 5A, three 
bands are observed Which qualitatively match the Wave 
lengths of the measured spectra. Examination of the induced 
polarizations associated With these peaks indicates that the 
770 nm peak is the in-plane dipole plasmon resonance, While 
470 nm is the in-plane quadrupole resonance, and 340 nm is 
the out-of-plane quadrupole resonance. The out-of-plane 
dipole resonance 410 nm and is suf?ciently Weak and broad 
that it is barely discemable as a shoulder on the 470 nm peak. 
Additional calculations indicate that the peak at 770 nm is 
very sensitive to the sharpness of the tips on the triangles as 
shoWn in FIG. 5B. For example, if an about 12 nm region at 
each tip of a prism is removed, the long Wavelength resonance 
at 770 nm for the perfect prism shifts to 670 nm Without 
signi?cantly changing the other resonances. Referring to 
FIG. 2B, TEM shoWs that about 20% of the nanoprisms are 
truncated. Therefore, these calculations lo not only alloW 
identi?cation of the important features in the spectrum of the 
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nanoprisms but also the relationship betWeen particle shape 
and frequency of the bands that make up their spectra. 
[0025] The optical properties of these novel nanostructures 
are striking. For example, these nanoprisms provide the ?rst 
observation of tWo distinct quadrupole plasmon resonances 
for a nanoparticle. Additionally, unlike the spherical particles 
from Which they are derived, and Which scatter light in the 
blue, as shoWn in FIG. 6A, the nanoprisms of the present 
invention exhibit Rayleigh scattering in the red. Light scat 
tering of metal nanoparticles probes has already been 
exploited in the development of many biodiagnostic applica 
tions and although conventional spherical particles made of 
gold or silver do not scatter in the red, their scattering prop 
er‘ties can be tailored by adjusting their size and composition 
as shoWn in FIGS. 6B-E. Therefore, these novel nanoprisms 
and their unusual optical properties permit development of 
multicolor labels based on nanoparticle composition, size and 
shape. 
[0026] The nanoparticles can be used as neW diagnostic 
labels, lighting up When target DNA is present. Biodetectors 
incorporating nanoprisms can be used to quickly, easily and 
accurately detect biological molecules as Well as a Wide range 
of genetic and pathogenic diseases, from genetic markers for 
cancer and neurodegenerative diseases to HIV and sexually 
transmitted diseases. 

1. A method of forming nanoprisms comprising, exposing 
a suspension of non-crystalline silver nanoparticles to light 
having a Wavelength of less than about 700 nm for greater 
than 50 hours to form silver nanoprisms having an absorbance 
at about 670 nm and a unimodal size distribution. 

2. The method of claim 1, Wherein the light has a Wave 
length of betWeen about 350 nm to about 700 nm. 

3. The method of claim 1, Wherein the suspension com 
prises a reducing agent. 

4. The method of claim 3, Wherein the reducing agent is 
NaBH4. 

5. The method of claim 1, Wherein the suspension com 
prises a stabilizing agent. 

6. The method of claim 5, Wherein the stabilizing agent is 
Bis(p-sulfonatophenyl) phenylphosphine dihydrate dipotas 
sium (BSPP). 

7. The method of claim 5, Wherein the suspension com 
prises a surfactant and a ratio of the stabilizing agent to the 
surfactant is betWeen about 0.01 and about 1. 

8. The method of claim 7, Wherein the surfactant is triso 
dium citrate. 

9. The method of claim 7, Wherein the ratio of the stabiliz 
ing agent to the surfactant is about 0.311. 

10. The method of claim 1, Wherein the step of exposing is 
conducted for a period of at least about 70 hours. 

11. The method of claim 1, further comprising, prior to the 
step of exposing, maintaining the suspension in the absence 
of light having a Wavelength of less than about 700 nm. 

12. The method of claim 11, Wherein the suspension is 
maintained for greater than 24 hours in the absence of light 
having a Wavelength less than about 700 nm prior to the step 
of exposing. 

13. The method of claim 1, Wherein the suspension com 
prises AgNO3, NaBH4, BSPP and trisodium citrate, and 
Wherein the ratio of BSPP to trisodium citrate is about 0.311, 
and Wherein the light has a Wavelength of betWeen about 350 
nm and about 700 nm. 
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14. A method of forming nanoprisms comprising: 
a) fragmenting silver nanoparticles in suspension by expo 

sure to light; 
b) growing silver nanoprisms by continued exposure to 

light for greater than 50 hours; and 
c) terminating the groWth of the silver nanoprisms, Wherein 

the nanoprisms have an absorbance at about 670 nm and 
a unimodal siZe distribution. 

15. The method of claim 14, Wherein the light has a Wave 
length of betWeen about 350 nm and about 700 nm. 

16. (canceled) 
17. The method of claim 14, Wherein the termination step 

comprises preventing further exposure of the suspension to 
light. 

18. The method of claim 14, Wherein the termination step 
comprises exposing the suspension to light for a time su?i 
cient to consume the silver nanoparticles. 

19. The method of claim 14, Wherein the suspension com 
prises a reducing agent. 

20. The method of claim 19, Wherein the reducing agent is 
NaBH4. 

21. The method of claim 14, Wherein the suspension com 
prises a stabilizing agent. 

22. The method of claim 21, Wherein the stabilizing agent 
is Bis(p-sulfonatophenyl) phenylphosphine dihydrate dipo 
tassium (BSPP). 
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23. The method of claim 21, Wherein the suspension com 
prises a surfactant and a ratio of the stabiliZing agent to the 
surfactant is betWeen about 0.01 and about 1. 

24. The method of claim 23, Wherein the surfactant is 
trisodium citrate. 

25. The method of claim 23, Wherein the ratio of the sta 
biliZing agent to the surfactant is about 0.311. 

26. The method of claim 14, Wherein the step of exposing 
is conducted for a period of at least about 70 hours. 

27. The method of claim 14, further comprising, prior to the 
step of fragmenting, maintaining the suspension in the 
absence of light having a Wavelength of less than about 700 
nm. 

28. The method of claim 27, Wherein the suspension is 
maintained for greater than 24 hours in the absence of light 
having a Wavelength less than about 700 nm prior to the step 
of exposing. 

29. The method of claim 14, Wherein the suspension com 
prises AgNO3, NaBH4, BSPP and trisodium citrate, and 
Wherein the ratio of BSPP to trisodium citrate is about 03:1, 
and Wherein the light has a Wavelength of betWeen about 350 
nm and about 700 nm. 

30.-48. (canceled) 


